Abstract-A novel robust adaptive fuzzy control algorithm is presented for autonomous surface vehicle (ASV) autopilot. This paper studies an approach for fuzzy rule base optimization. The optimization solution especially solves the non-compatible problem in the generation process of fuzzy control rules. For the design study, the optimization model has been carried out in the simulink environment. It is shown that the proposed algorithm guarantees that the tracking control system is asymptotically stable and its tracking error can approach to zero.Simulation results also show the effectiveness of the algorithm in the presence of disturbances, and high performance of the proposed controller.
INTRODUCTION
To design an autopilot for ASV is always a challenging problem. An ASV dynamics is influenced by unpredictable environmental disturbances such as waves, winds, currents, change of depth under keel, etc. as well as ASV sailing conditions such as speed, loading condition, trim, etc. Automatic steering of ASVs has been a goal of seafarers for many years. Imperatives such as reduced manning and increasing fuel costs has led to innovative designs from the classic PID controller to adaptive and robust control and latterly to intelligent control which is the focus of this paper.
With the development of control theory and method, the control of autopilot is gradually improved. Traditional control techniques have encountered difficulties. PID autopilot lacks the adaptability to the change of the working state and environment of the ASV, so it is hard to achieve optimal steering since the parameters of autopilot have to be set manually. adaptive autopilot [1] has certain adaptability to the change of the working state and environment of the ASV, and can automatically adjust the control parameters. But PID autopilot and self-adaptive autopilot are based on the accurate mathematical model, while the actual ASV steering process changes with the working situations (load, draft depth, navigational speed) and navigational environments (such as navigational route, wind, wave and flow and so on). So the traditional control cannot avoid the problems, such as difficult adjustment of controller parameters, and the robustness. To address the above problems, the intelligent control technologies such as fuzzy control [2] [3] [4] , neural network [5] [6] [7] [8] [9] and genetic algorithm [10] were gradually used in the course control, since the intelligent control technology requires no mathematical model and the system has good robustness.
II. FUZZY CONTROL SYSTEM FOR ASV AUTOPILOT
The use of fuzzy set theory as a method for replicating the non-linear behavior of an experienced helmsman is perhaps the most appropriate application of this technique. Fuzzy rules of the type: heading error is positive small AND heading error rate is positive big THEN rudder angle is positive medium, typify the actions of an experienced helmsman. The schematic of a fuzzy logic controller is shown in Fig. 1 where the conventional controller block is replaced by a composite block comprising four components: In practical applications, the control goals and system constraints are all of fuzzy characters, in order to unify them, fuzzy membership function is used to express their characters. These operators can be used to translate a linguistic description of control goals into a decision function. In this way, various forms of aggregation can be chosen giving greater flexibility for expressing the control goals. The universe of discourse (range) of the inputs and outputs are mapped into several fuzzy sets of desired shapes. The membership functions for the inputs are shown in International Conference on Artificial Intelligence and Industrial Engineering (AIIE 2015)
FIGURE II. MEMBERSHIP FUNCTIONS FOR YAW ERROR (Ε) FIGURE III. MEMBERSHIP FUNCTIONS FOR YAW RATE (Ω) FIGURE IV. MEMBERSHIP FUNCTIONS FOR RUDDER ANGLE (ΔC)
A fuzzy system is characterized by a set of linguistic statements based on expert knowledge. The expert knowledge is usually as "if-then" rules, which are easily implemented by fuzzy conditional statements in fuzzy logic. Fuzzy control rules have the form of fuzzy conditional statements that relate the state variables in the antecedent and process control variables in the consequence. Rules that were developed in the work are given in Table1. The paper proposed a new method to solve the noncompatible problem in the generation process of fuzzy control rules, which is a common problem in practice.
Firstly, we analyze the compatibility problem of fuzzy rule.
Fuzzy set Ã andB are of the universe of discourse
The lattice degree of nearness of Ã andB as following:
So the simple lattice degree of nearness can be obtained as following: 
The compatibility coefficient of the antecedents between rule k and rule k ' is obtained as following:
The compatibility coefficient of the consequents between rule k and rule k ' is also obtained: According to the compatibility principle of fuzzy rule table,  we have 
The maximal compatibility coefficient is a compatibility class that is not properly contained between two compatibility class. One of two rule must be redundant or rough to be needed to modify.
In order to find which rule is redundant or rough between the two non-compatible rules. Considered between rule k with any other rule, the compatibility coefficient of rule k is calculated:
The maximal compatibility coefficient means the rule has the least compatibility with any other rule. So we modify consequent class of the rule in order to make ITAE least.
Secondly, we establish the fuzzy matter-element for compatibility problem. R =(fuzzy rule, compatibility, compatibility coefficient)
where k is fuzzy rule (k=1,2,….,n), c is the property of compatibility.
, k v is the compatibility coefficient
Secondly, we establish the dependent function ) (R K .
In the positive region
It means rule k has better compatibility than rule ' k , so rule k needn't to be modified.
IV. SIMULATION RESULT
Simulation environment is used under Matlab environment to realize an integrated environment with modeling and simulation from the designed intelligent controller to the whole control system. Firstly visualization modeling, build the model of the control system, before simulation and commissioning. In the simulation system can realize the file interchange and data exchange among various working environments. Navigation of the ASV in wind and wave requires the controller to have the resistance against interference. Because of frequently happening speed change, there will be the model parameter perturbation, so the controller is required to have the robustness and resistance against interference. What follows will be the simulation of the controller with parameter perturbation and wind and wave interference. The yaw response of the ANFIS controller was shown in Figure 5 . Figure 5 shows that the yaw angle errors between the desired and obtained yaw responses. It can be observed that the fuzzy controller designed obtains a perfect performance for tracking under the worst case conditions which exist random disturbance. In this paper, the tracking control problem has been considered for a class of uncertain nonlinear systems with the unknown system function and unknown gain function, and fuzzy logic systems have been used to approximate unknown system function and a robust adaptive fuzzy tracking control algorithm. In order to improve the performance of autopilot, this paper studies fuzzy rule base optimization. Moreover, a new adaptive control designing scheme for ASV tracking was proposed. The optimized result obtained is more suitable to the actual situation. Simulation shows that the above algorithm is feasible.
